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ABSTRACT

The research goals of this ONR sponsored L‘Jnivcrsi!y Research Initiative entitled “Materials for Adaptive
Structural Acoustics Control” relate directly to the sensing and actuating material which must be integrated to
function in adaptive control of acoustic structures. This report documents work in the second year of the program
and for convenience the activities are grouped under the headings General Summary Papers, Materials Studies,
Composite Sensors, Actuator Studies, Integration Issues, Processing Studies, and Thin Film Ferroelectrics.

The general papers cover a new comprehensive description of ferroelectric ceramics and their applications,
analysis of high temperature piezoelectric sensors and the possible application of nonlinearity in enhancing the
“smartness” of ceramics and composites. Scale effects on ferroics are of increasing interest and the manner in which
nano-scale polar regions control the properties of relaxor ferroelectrics is again emphasized.

For material studies the detailed examination of the evolution of diffuse, then relaxor behavior in lanthanum
modified lead titanate has been completed. Interest in the soft PZTs, relaxor and phase switching materials
continues, with a new thrust developing towards a more complete description of domain walls and morphotropic
phase boundaries in perovskites. Materials issues in the wear out and fatigue effects in polarization switching
systems have been subjected to detailed evaluation and the precautions necessary to fabricate long lasting materials
which will stand 109 switches without any fatigue are delineated.

Sensor studies have continued to focus on flextensional composites and have demonstrated both the very
high hydrostatic sensitivity and the amplified actuation response of this configuration. Integration of sensors with
the “moonie” actuators has been accomplished in individual cells. Actuator studies cover the gamut from highly
reproducible micro positioning using electrostrictive compositions to high strain polarization switching shape
memory ceramics capable of driving a latching relay device. Studies of the destruct mechanisms in practical MLA
systems complement the earlier materials work and show the importance of intemnal electrodes and ~cnsequent stress
concentrations for crack initiation. Integration studies have focused upon more detailed evaluation of 1:3, 2:2 and
tubular 1:3 composites and upon the influence of the polymer characteristic and of face plates and edge guards upon
sensing and actuation capabilities. In processing, the interest in dielectrophoretic forming of composites is
continuing and assembly of interesting 1:3 composites is demonstrated. Guidelines for the transducer application of
electrostrictive materials have been formulated and a useful classification scheme proposed. In fiber PZTs techniques
for fabricating thin (30 p) fibers are demonstrated, the first successful technique for poling fibers is described and it is
shown that properly poled fibers have electro-elastic characteristics similar to bulk material. Film papers are selected
to reflect the transducer capabilities of lead titanate and of phase switching lead zirconate titanate stannate
antiferroelectric compositions.
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ELECTROMECHANICAL NONLINEARITY OF
FERROELECTRIC CERAMICS AND RELATED
NON-180° DOMAIN WALL MOTIONS

SHAOPING LI, WENWU CAO, R. E. NEWNHAM and L. E. CROSS

Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802 USA

{Received June 13, 1992; in final form August 26, 1992)

Using an optical interferometer and other experimental techniques, the mechanical and dielectric
response of lead zirconate titanate Pb(Zs,Ti, _,)O, ceramics to an a.c. electric field have been inves-
tigated directly. The experimental results demonstrate the importance of the domain wall motion in
generating the electromechanical nonlinearities in ferroelectric ceramics. It has been verified that the
couplings between the acoustic vibrations and the movement of domain walls is an importan factor in
terms of extrinsic properties of ferroclectric polycrystalline materials. A phenomenological theory has
been extended to describe the extrinsic contributions to the piezoelectric, elastic and dielectric prop-
erties. These effects can be attributed to both the linear and nonlinear vibrations of non-180° domain
glllds in ferroelectric ceramics. The proposed theory shows qualitative agreement with the experimental
ts.

Keywords: ferroelectric ceramic, PZT, nonlinearity, domain walls, piezoelectricity

I. INTRODUCTION

Electromechanical nonlinearity in ferroelectric polycrystalline materials is an im-
portant problem in modern ultrasonic engineering. Ferroelectric ceramics are widely
us~d as transducers, resonators, actuators, motors, and capacitors which represent
a very large segment of the electroceramics market. One of the limitations of
ferroelectric transducers for practical use are the nonlinear effects which occur at
high drive level,!-¢ because ferroelectric ceramics are the strongest known nonlinear
piezoelectric materials.” Moreover, techniques for fabricating ferroelectric thin
films have made great progress during recent years leading to the possibility of
utilizing nonlinear phenomena of ferroelectric polycrystalline thin film devices in
conjunction with integrated circuits. Significant nonlinear phenomena in thin films
can be observed under voltages of less than a volt. In practical applications, the
nonlinearity of ferroelectric polycrystalline materials directly influences the per-
formance of microwave acoustic devices such as convolvers and correlators.”’-® The
so-called “‘smart ceramic systems™ '° incorporating sensors and actuators also need
to exploit the nonlinear properties of ferroelectric ceramics. In short, on certain
occasions, one wants to avoid the nonlinearities, while on other occasions one
wants to benefit from them. Therefore, from a technological point of view, it is
important to study the nonlinear electromechanical properties in ferroelectric ce-
ramics so as to optimize the choice of piezoceramics most suitable for transducers,
actuators, resonators, ultrasonic motors and other acoustic devices, as well as to
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develop new types of nonlinear electronic devices such as frequency mixers and
doublers, and piezoelectric thin film devices.

The piezoelectric effects in ferroelectric ceramics are caused by two mechanisms:
(1) the intrinsic piezoelectric effect!!-!2 connected with the deformation of each
unit cell of the ferroelectric material by an electric field and (2) the extrinsic
piezoelectric effect!3-1S that, for example in lead zirconate titanate (PZT) system,
refers to the motion of non-180° domain walls and the movement of the interphase
phase boundary between the tetragonal and rhombohedral phase regions.'® It is
believed that the piezoelectric effect in polycrystalline ferroelectrics is caused not
only by the ionic displacement in connection with the change of the polarization
magnitude, but also by the movements of domain walls and interphase boundaries.
Studies on materials such as BaTiO, and PZT" have shown that as much as 60% -
70% of the piezoelectric moduli values may originate from the extrinsic contri-
butions. In fact, the performance of many transducers, actuators and capacitors
are based on the control of domain structures under applied electric field. Micro-
structure investigations'®-? showed that the poled ferroelectric ceramics contain a
large number of non-180° domain boundaries which strongly affect their electro-
mechanical behavior.?-?” In general, these domain structures give rise to compiex
linear and nonlinear behavior which is very sensitive to the quality of the sample
and its defect concentration, as well as the external boundary conditions.

Even though the investigation of the electromechanical nonlinearity in ferro-
electrics has been carried on for the last three decades, most of the studies?-3
are based on thermodynamic theory only, without considering the dynamics of
domain walls. Very little work3!-2 has been done to describe the behavior of
electromechanical nonlinearity in terms of domain wall motion, even though the
domain wall motion plays a dominant role over a wide range of external field levels,
and also the frequency response of domain wall motions spans a range from almost
zero hertz to the microwave regime. Moreover, a number of ambiguities still remain
in this area due to the lack of sufficient information about the relationship between
electromechanical coefficients and the motions of non-180° domain walls and the
movement of interphase boundaries.

Here, it should be mentioned that one of the challenges facing materials scientists
is to develop a scientific foundation for the understanding and the rational design
of sophisticated material systems with novel microstructures as well as multiple
functional unaracteristics. At present, the major shift in ferroelectric research and
development is underway from single-crystal devices to fully integrated polycrys-
talline thin film devices in which the ferroelectric elements are an integral part of
the silicon or GaAs integrated circuit, or very elegant micro-transducers with mul-
tiple functions for various applications. The key issue for this development is from
peneral gqualitative investigation of physical properstics of polycrystalline materiafs
towatds mote quantitative examination of the relationship between the mictostiue-
tures and macroscopic properties. Basically, it has been known that one of the
simplest types of composite with piezoelectric constituents is a single phase poly-
crystalline aggregate, with grains made of the same piezoelectric substance but
with mismatched orientations of the crystallographic axes at the grain boundaries.
Since the micro-piezoelectricity combining micromechanics and microelectronics is
of great significance in microferroelectricity, the quantitative study of the rela-
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tionship between the microstructure and related properties in polycrystalline ma-
terials is the basis for further development in microferroelectricity.

It is the objective of this work to evaluate the finear and nonlinear elastic,
dielectric, and piezoelectric coefficients arising from the domain wall motions, and
to form a tentative model based on the observed linear and nonlinear effects in an
attempt to gain some physical insight into the relationship between domain wall
motions and nonlinear electromechanical properties in ferroelectric ceramics. This
paper is structured as follows: in sections 11 and 111, we present a general description
of the electromechanical properties arising from the non-180° domain wall motions
in the ferroelectric ceramic. Through considering the macroscopic nonlocal motion
of domain walls in the presence of external fields, we obtain expressions for a
number of experimentally accessible quantities. In section 1V, we show some ex-
perimental results which characterize the dynamic electromechanical response of
the PZT ferroelectric ceramics. Some of the experimental results strongly support
our approach to the problem.

II. THEORETICAL

2.1. Domain and Interphase Structures

In a Pb(Z1,Ti, . )O; system with composition near the morphotrophic phase bound-
ary, the tetragonal and rhombohedral phases coexist. Therefore, besides the 180°
domain wall, there are 71°, 110° and 90° domain walls. Also interphase boundaries
between the two phases exist. Here, we do not discuss the case for 180° domain
walls. The 180° domain wall motion does not significantly affect the piezoelectric
and electromechanical properties because the spontaneous deformations of the
antiparallel domains are the same.®'% In order to investigate systematically the
relationship between linear piezoelectric effect and the non-180° domain wall mo-
tions in ferroelectric ceramics, Arlt et al.'!* first presented a phenomenological
model for the vibrating 90°-domain wall under electric field and mechanical stress
to describe the linear piezoelectric behavior of ferroelectric ceramics. We have
generalized this model to describe the nonlinear effects resulting from the vibrating
90°-domain walls.3

Here, we will try to model non-180° domain wall motions for the cases of rhom-
bohedral phase and interphase conversion between the tetragonal and rhombo-
hedral regions, respectively. As we know, the symmetry of the ferroelectric phase
is fully determined by the symmetry of the parent phase. The spontaneous polar-
ization has equal probability to lie in all the equivalent directions prescribed by
the prototypic form from which the ferroelectric phase is derived. From phenom-
enological theory,!? we can find eight energetically equivalent variants in the thom-
bohedral ferroelectric stable states of PZT system as following:

1. (P, P;, P3), 1L (P, Py, —P3), 1. (—Py, P, Py),
IvV. (Py, ~P,, Py), V.(=P, Py, —Py), VL (P, ~P,, —Py),
VIL. (=Py, =P,,P;), VIL (-P,, -P,, -P;) (1)
where P(i = 1, 2, 3) are the components of the spontaneous polarization P, in
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Cartesian coordinates, P3 = P} = P} = P}/3. Accordingly, the spontaneous
strain under zero stress conditions can be written as:

S = S = 83 = (Qn + 2Q,,)P3 Q)

Si2 = QuP\Ps, S23 = QuPoPs, Si3 = QuP\P;
where, Q;; are the electrostrictive coefficients. Obviously, the normal components
of 5, are the same for all of the orientation states, and the shear components of

the spontaneous strain tensor in the corresponding Equation (1) have the following
forms:

K(VII). S, = Sy = Sy = %‘—‘ P3  I(VI). Sy = Sy = =8, = %‘—‘ P3;
= = = ZQu pa.
lll(Vl). Su = "S23 = S3, = 3 Po,

S = ~Su= 24P} )
These eight low temperature variants will form 180°, 71° and 110° twin structures.

For instance, the polarization vectors in a twin structure between states (1) and
(VII) form a angle 8,

IV(V). S,

]

0 = cos~(fyy, - #jj;) = cos™! (‘5‘) = 110°

where #t,,, and 7ij;; are unit vectors in {111] and [1i1], respectively. The twin
boundary is then cailed 110° domain wall. We choose primed and unprimed co-
ordinate systems for a basic piezoelectric element as shown in Figure 1, which
contains a single 110° domain wall and separates the polarization states (I) and
(VII). In the primed system, domain wall is located in 2’ = 0 plane.?* A displace-
ment Al of the domain wall gives rise to a change in the electric dipole moment
5P, in volume AlA 3433

-]
8P' = —= AlAP, |1 4
V38R |1 @

Al is the displacement of the domain wall and A is the area of the vibrating domain
wall per unit volume. This movement of domain walls also induce a change in the
elastic dipole moment, which in the primed coordinate can be written as

_ 001
83U’ = AIAS,|0 0 1 )
110

where,

s.,=3%-‘-‘P.2,
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FIGURE 1 (a) A basic element of a twin structure in a thombohedral ferroelectric ceramic. (b) The
unprimed and primed coordinate systems. The relative orientation is characterized by the Eulerian
angles (b, ¥, 9).

where, P, and S, are the spontaneous polarization and strain, respectively, in the
rhombohedral phase. Finally, in (x, y, z) coordinate system, the changes of induced
electric and elastic dipoles can be obtained through a coordinate transformation:

5P, = AIAP.f(O, ¢, ¥) (6)
and,
3U,; = AlASF,(O, ¢, ¥) N

where
fi = [cos ®(cos ¥ — sin ¥) — cos © sin P(sin ¥ + cos V)], f, = [sin P(cos
¥ — sin ¥) + cos © cos ®(sin ¥ + cos ¥)), f; = sin O(cos ¥ + sin ¥);

and
F,, = 2 sin O sin ®fcos ¥ cos $(cos ¥ ~ sin ¥) — sin ® cos B(cos ¥ + sin
¥)l,
Fy, = 2 sin © cos ®fsin d(cos ¥ ~ sin ¥) + cos @ cos P(cos ¥ + sin V)],
Fy = 2 cos O sin O(sin ¥ + cos ¥),
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N
I

= sin ®(cos ¥ + sin ¥)[cos?O — sin’B] + cos O cos P(cos ¥ + sin ¥),
= cos O[sin ®(cos ¥ — sin ¥) + cos ® cos O(cos ¥ + sin ¥)] — sin2O cos

®[cos ¥ + sin V],
Fy; = sin O(cos ¥ — sin ¥).

Next. let us discuss the case of interphase conversion in the ferroelectric ceramic.
It is known!® that the tetragonal (7) and rhombohedral (R) ferroelectric phases
coexist in the PZT system for compositions near the MPB. According to SEM,
SAED and TEM results, the domain structure in PZT ceramics with compositions
near the MPB consists of alternating T and R phase layers which resemble the 90°
domain structure in tetragonal distorted ceramics. Based on experimental results,
Lucuta proposed'*?° a layered model of ferroelectric domains T,RT,RT,, assuming
the R domains are in between two different oriented T domains as shown in Figure
2. With a rhombohedral phase in between two 90° tetragonal domains, the polar-
ization direction changes as foliows: {001}---{111]---{010]---{111]---[001], corre-
sponding to a repetitive domain sequence T\RT,RT, . . . The interphase boundary
conversion will induce changes in the electric and elastic dipole moments. As an
example, when the polarization along the [111) direction in a R domain is switched
into the polarization along the [001] direction in a T domain, the induced electric
and elastic dipole moments in the primed coordinate system are:

~
b
|

- P 1
8P = AlA =% 1 ®)
-(V3i-1
- Uy Uy Uys
8U' = AlA [u,, Uy un] )]
U3y Usz Usz
(a)
L3 4 R/A{_‘i f R .':."AR
A ] ;'IT

i 0w an (i
'bJ..‘ZL/P 'A H RTE

(001 = (1111 — (010) = (111} — (401}

(b)

FIGURE 2 (a) Packing model of T-R twin-related domains along the (011) habit plane showing the
coexistence of T and R ferroelectric phases in PZT at the MPB {After Lucuta Reference 20]. (b) A
basic element of the interphase boundary in the PZT system at the MPB.




ELECTROMECHANICAL NONLINEARITY OF FERROELECTRIC CERAMICS 3
where,
Qu
Uy = Upally = Up = Uy = Uy = 3 P3;

= (Qu - sz)

=~ 2.
Uy = Uxp 3 Pg; Uss

- 20y + O)
3

Note: here we assume that the magnitude of the spontaneous polarization in the
rhombohedral phase is equal to that in the tetragonal phase, and all coefficients
Qs Or2, and Q. are the same in both phases. Finally, in the (x, y, 2} coordinate
system, the changes of electric and elastic dipole moments can be written as:

P}

8P, = [R)IBP]);  18U,) = R, IBULJIR,) (10)
cosV sin¥ 0][1 (] 0 cos® sind O
[Rj}=|-sin¥ cos¥ 0[{0 cos® sin®f|-sin® cosP 0
0 0 110 —sin® cos O 0 0 1

2.2. The Model

Generally speaking, the domain wall motion is accomplished by a succession of
steps beginning at initiating nuclei,’-* but in the sideways motion of the non-180°,
this may not be exactly true.?® The entire ceramic specimen is a complex electro-
mechanical system with the domain walls in different grains having different ori-
entations and different boundary conditions. The movements of the domain walis
are not independent; there are strong interactions between them. The microscopic
process for individual domain wall motion is rather complicated and not well under-
stood. However, if we are only interested in the macroscopic effects resulting from
the collective motion of domain walls, the microscopic details of each individual
domain may be neglected.

In this analysis, we assume that the average displacement of a domain wall in a
certain direction is quasi-one dimensional, i.e., the wall moves as a plane without
bending. Figure 3 shows the variation of the wall energy as a function of position

fu

POTENTIAL ENERGY

k) L ] 1)
2s~-g 0 20

FIGURE 3 Schematic plot of the energy potential for non-180° domain wall motion in PZT ceramics.
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in a ceramic sample. The height of the potential barrier (¢, + @,) is the minimum
enerpy required for the wall to relocate from a depoling state to the poled state.
&, is the height of potential barrict for a non 1207 domain wall paing across one
Ettice distance.

In a depolirized ceramic sannple, all demnin walls wie tnndondy osicated, and
the distribution of domain walls possesses the symmetry of wwouri. Obviously, domain
walls are located at the minima of the potential energy (z = 0).

When an external ac field is applied, the domain walls oscillate. However, as
long as the magnitude of the domain wall vibration is not very large, the macroscopic
potential energy for domain wall motions is symmetric with respect to the z axis,
i.e. U(Az) = U(—Az). The situation is different for a poled ceramic. During the
poling process, the domain walls overcome certain energy barriers, and move into
new equilibrium positions. As shown in Figure 3, the new positions are metastable
states (z = a, or 2 = —a). After the field is removed, the orientation distribution
of the domain walls becomes conical in the poled samples. The potential for domain
wall motion is no longer symmetric in the poled state, i.e. U(a — Az) # u(a +
Az).

it also has been shown ¥*-° experimentally that the domain wall motion in a poled
ceramic is highly nonlinear. Therefore, the potential energy for the domain wall
motion may be expanded as a polynomial function of the domain wall displacement:

us=U+ % A2 4+ -C§3 A + -(-:43 Al* + higher-order terms (11)

where U, is the residual energy of a domain boundary, which is assumed to be
independent of the domain wall motion. The presence of the third power term
describes the asymmetric feature of the domain wall motion in a ferroelectric
ceramic. The odd terms will be zero if domain wall vibrations take place around
a potential energy minimum of the domain wall. Therefore, the differential equation
of the forced vibration of a non-180° domain wall in a ferroelectric ceramic may
be expressed as follows!314-38: ‘

U _ _(We , Wy
AmAI+AbAI+aN- (W+ w) (12)

where m represents the effective mass of the domain wall, b is the damping constant,
and the dots on top of Al represent the derivatives with respect to time. The third
term is the restoring force. W and W), are the energies of the average electric
and elastic dipoles (8P, and (8U;)) induced by the electric field and stress, respec-
tively, which may be written as

—(Weg + W) = (2 (SP)E,e™ + Y, (SU,)T,eh') (13)

In general, the electric and elastic driving frequencies are different, w, # w,. The
physical origins of the restoring force, damping effects and effective mass have
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been discussed separately by several scientists.>*-*5 If we consider only the first
three terms of the restoring force, Equation (12) becomes

W, W
+ 2 3 | M '
AmAl + AbAl + AC,Al + AGAIZ + AC,Al (a + 3 ) (129

This equation describes the interrelationship between the amplitude of the non-
180° domain wall vibration and the stiffness of the materials. The condition

CiAl >> GAR, C,AP

allows one to employ a perturbation method*é in solving Equation (12'). Approx-
imate values can be obtained for the induced polarization 8P; and strain dU;;
resulting from the motion of non-180° domain walls. The detailed solutions are
presented in Reference 33. According to Fousek and Brezina,® the resonant fre-
quency of domain walls is much higher than the frequencies used in our experi-
ments, which are less than 1 MHz. Thus, the inertia term can be neglected. This
means that the damping is sufficiently strong that Equation (12’) can be simplified
to a relaxation equation.

lll. LINEAR AND NONLINEAR COEFFICIENTS

We now consider the linear and nonlinear dielectric, piezoelectric, and elastic
properties associated wth the 110° domain wall motion in ferroelectric ceramics.
The average induced polarization and strain can be calculated by averaging 3U;;
and 3P, over all domain wall orientations in the sample.'>'* AP; = (3P), and AU,;
= (3U,;) may be expressed as:

AP, = {Aey + AriE)E; + [Adyn + Aey,TIT,, + 200,E T,
+ AH, 4 EEE, + AGuuEET, + . . .

AU, = [Ad) + AQUEJE; + (ASy + ASpuTmlT, + 28¢ihnEiTn  (14)
+ AG)uEEE, + AW EET, + ...
Gjk,p=1,2,3andl,n,m = 1,2,3,4,5,6)

In these expressions, AP, is the total induced average polarization, and AU, is
the average strain component in Voigt notation, 7, is the stress, and E, is the
electric field and the expansion coefficients are defined below. The coefficients
Ad,, = (bd,,) are the extrinsic piezoelectric constants of a ceramic sample:

L 4 A 3 « l
ady = [ o [ d | Js sPk@nFZ(©) do (s)
where
F, = Fy, F; = Fp, Fy = Fy, Fy = Fp3, Fs = Fy3, Fg = Fyy, and,
K(w) = _Ag()dr

(] C](l + j(')ﬂ')
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Note: Ad,, depends on w,, the frequency of the applied elastic field, and Ad},
depends on w,, the frequency of the applied electric field. g(t) is the relaxation
time distribution''* assuming there exists more than one relaxation time. Z(0) is
the distribution function of domain wall orientations obtained during the poling
process. All guantities having the A symbol are caused by 110° domain wall vibra-
tions only. The values of As,, = {(&s,,) and Ae; = {5¢,) are the extrinsic elastic -
and dielectric parameters of the ceramic:

2% n - 2
As,, = L dé L dy L SiK(w,)F/F,Z(0) d8 (16)

" 2w *
deu= [ do [ a |73 Pk zie) de

where AQ; = (8Q;;) (electrostrictive coefficients) and Ar;;, = (dr,,) (nonlinear
dielectric coefficients) can be expressed as follows:

2w : 4 " __
a0y = [ ds [ au [ 22 sPiK (o, w5 FZ(®) de

an
x 2w . _
80y = [, as [ ay [T 32 sopircisFze) a8
where
K'(w,) _ r’ C,Ag() dv .
o 4C,(1 + 2jo,7)(1 + jo,r)?’
Klone) _ [* CoAglr) dr
v 3C0 7 iwn + o)1 + o)L + jor)
and
2w 'w -
drw = [ ae [ [} —2pixwitisize) de as8)

Here, we should point out that the contributions of domain wall motion to the
electrostrictive coefficients AQ,; and the nonlinear dielectric coefficients Ar,,, have
the same physical origin as those of the electro-optical coefficients and elasto-
optical coefficients. In fact, in hot pressed transparent PLZT ceramics the changes
of the remnant polarization give rise to changes in the birefringence An 47~ because
of the non-180° domain reversal induced by an external field.

The electroacoustic coefficients Ae,,,, = (de,,,) (the coefficients of the nonlinear
piezoelectric effect) describe the change in the velocity of elastic waves, and are
given by:

e = [ a0 [ a4 L'?_/sgfvgﬁz(ﬂ)K'(«av.ﬁF,. do )

Bewn = [, db [T ab [T 2 PeSiZO)K (w, w0

In some materials,’ the extrinsic contribution o the electroacoustic effect (change
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in velocity of sound under an applied electric field) may be two orders of magaitude
larger than the intrinsic contribution. The third order elastic coefficients AS,,,, =
(8slmn) are:

2w

2n "
8= [ a0 [T av [ -sz@KWIFFF 8 (0)

0

There are twenty one non-vanishing coefficients. The expressions for the higher
order nonlinear piezoelectric coefficients AG; ; = (3G, x») and dielectric coefficients
AH,,, = (8H,,,) are given by the following integrals:

2w 2n LA |
0Gi = [ do [ du [ Sim S @fAFZ®) dO o

. ris 2n (= 1 -
A6, 7 L g L Sy -\0 3;3 SPAK (0, wYFFFEZ(O) d6

Where

K@) = J

0

{ C3Ag'(1)
4C; (1 + 2Zjo)(1 + JjoT) (1 + ja,1)?
_ CAg'(v) } e
aCi (1 + Yol + jo,1)?
( CIAg' ({1 + ju,7)~2
4C3 (1 + ZJu,r)(1 + j20, + wn)(1 + ju,r)

_____CAR@ + juyr)? ) ]
4K + 2w + oN( + jur)

K"(wy, w)) = J

and
) = [ ae [ ao [ L pscon ranszerae @

Note that all the quantities are frequency dependent. When electric and elastic
fields are applied simultaneously with different frequencies, one finds the direct
and converse effects have different magnitude, for example, if w, # w,, Ad;{w,)
# Ady{w,), therefore, we have used a prime on some of the constants in AU, to
indicate their frequency dependence. In general, the contributions from 71°, 110°
and 90° twin structures can be all written in the form of Equation (14)-Equation
(22) except that the integration coefficients would be different in each case.
If T, = 0, Equation (14) becomes:

AP‘ = AGQE* + A’y‘E]Ek + AHWE’E*E’
AU, = AdyE, + AQuEEx + AGuEEE, @)
LhkLp=1,23
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The electric field induced longitudinal strain and polarization arising from the
domain wall motion are:

AUy = AdyEy + AQ333E] + AGyssiE}

(24)
Similarly, the shear strain and related polarization under the applied a.c. electric
field are described by:

AUs = AdlSEo + AG"]sEa
APl = AellEU + AH“"Ea

(25)

There are no second harmonic and higher even harmonic components in shear
vibrations. Therefore, it is expected that the dependence of Ad,s and Ag,,; on the
alternating electric field strength should have different characteristics than those
of Ad33, Ad;,., and AE_;_',.

Strictly speaking, under external forces the difference in free energy for the two
domains of a twin is®':

1

1
Ag = AE(,)“U“' + AP(')'E' + 5 A‘q&,ﬂ'ao}’ + 2

AK;IE,E} + kaE,UIk (26)

where, the first two terms are the differences of the spontaneous strain and po-
larization of the two domains, which is primary ferroic effect. The remaining three
terms in Ag arise from external force induced differences in elastic compliance,
dielectric susceptibility, and piezoelectric coefficients, which represent the second-
ary ferroic behavior. In this paper, only the primary ferroic effect is discussed.
Based on this viewpoint, it could be found that the extrinsic properties of a twin
structure arise from the orientational differences in their intrinsic properties. Ex-
ternal forces or fields induce the differences in free energy for the two domains,
causing domain walls to move, and creating the extrinsic contributions.

1V. EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1. Experimental Procedure

Several compositions of the PZT solid solution system were selected for this study.
The ceramic Pb(Zr,Ti, . ,)O; specimens with x = 0.90, 0.70, 0.60, 0.54, 0.52, 0.50,
0.40, 0.30, and 0.15 were prepared by a conventional mixed oxide technique. The
starting materials of PZT material are also included, both the powders made by
the sol-gel method and the Pb(Zrg 5, Tip 45)O0; + (0.4 — 0.8% wt. Nb,O;) powders.
Well sintered ceramic samples were poled at an electric field of 30-65 kV/cm in
the temperature range of 100°C-130°C. These poled samples were first checked
with a commercial! Berlincourt d;, meter. Values of the piezoelectric coefficients
are listed in Table 1. In addition, some ceramic samples, PZT-501A and PZT-401
which were made by commercial powders form the Ultrasonic Powders Inc., South
Plainfield, NJ. And also several of the hard and soft PZT specimens, PZT-5, PZT-
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TABLE |

Piezoelectric coefficients for Pb(Zr,Ti, _,)O, ceramics. The measurements
were made by the commercial Berlincourt meter

2/Ti. 910 70/30 60/40 54/46 3243 S0/S0 4060 070 1S/8S

Density 744 185 160 162 1.7 74 6 159 13
(10°kg/m’)

et —_— ——

dyy ? 85100 100-120 170-200 250-270 100-120 90-100 $0-60 7
(10 2avny

8 and PZT-4 used in this study are commercial products from Vernitron piezoe-
lectric division, Bedford, OH.

Permittivity-temperature runs were made in a computer-controlled environmen-
tal chamber (Delta Design Model 2300) using liquid nitrogen as a cooling agent.
Both heating and cooling rates are about 5°C/min. Data were recorded with a
digital multimeter controlied by a desk top computer system (Model 9816, Hewlett
Packard Inc.). The dielectric response of the sample was measured by using a
modified Sawyer-Tower circuit and a precision capacitance meter (HP 4275A Multi-
Frequency LCR Meter). The piezoelectric coefficients were measured by both op-
tical interferometry and iterative methods.*>* The resonance-antiresonance method
is widely used for measuring piezoelectric coefficients in weak clectric fields at
which the vibrating system remains linear. However, when the amplitude of the
applied field becomes very large, the resonance-antiresonance method is no longer
suitable due to the nonlinearity. Therefore, an interferometry technique was used
for measurements under large alternating electric fields. The advantages of the
interferometry, apart from its directness, are the simplicity in computational expres-
sions. In addition, the measurements can be carried out under both resonance and
non-resonance conditions and are not limited by the amplitude of the external
fields. Moreover, a wide range of sample shapes and sizes can be tolerated. The
HP4192 A LF impedance analyzer was used when employing the resonance tech-
nique which has been standardized by IEEE.** In measuring the nonlinear param-
eters, a sinusoidal driving field was used for convenience of interpretation. Resistive
tunable low-pass active-filters were used (Package Date 730/740 Series, Frequency
Devices, Inc.) in the measurement system. Samples were made as thin as possible
in order to achieve a high field with low voltage. For larger displacements, Equation
(2) of Reference 54 is no longer valid, and the cosine term in Equation (3) of
Reference 54 must be expanded using the Fourier-Bessel expansion. 1t is important
to r:alize that the nonlinear output signals may be caused by either the nonlinearity
of materials or by the distortion of the input signal in the detecting system. There
are two ways to avoid the detecting system producing noalinear output signals. (1)
Using the quartz as the pre-calibration sample, we can retrieve the actual measured
experimental data in order to remove the nonlinear contribution of the detecting
system. (2) Through keeping the thickness of the samples down, we can get suf-
ficiently large strains while restricting the maximum displacement of the sample to
values less than 140 A.
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4.2. Results and Discussions

A. Nonlinear piezoelectric and dielectric coefficients. Figure 4 shows the pie-
zoclectric constants d,, and the dielectric constants ¢, plotted as a function of applied
a.c. field strength. When the magnitude of the applied electric field is below a
certain limiting value E, (called the threshold field), d,, and ¢, remain constant.
But beyond the threshold field (E > E)), d,, and ¢, increase with the amplitude
of the a.c. electric field. E, signifies the onset of measurable nonlinearity, which
is not always clearly defined. We use Ad/d (Ae/e) > 2.5%- 4% as the criteria
according to different experimental conditions. Generally, E, depends on fre-
quency, temperature and material properties. For instance, for PZT-501A with F
= 200 Hz and T = 25°C, the threshold field for the piezoelectric coefficient d,,
is approximately 300 V/cm. Analogously, when the applied field exceeds a certain
value, dielectric losses also increase drastically with the amplitude of a.c. electric
field,> but the threshold fields for the loss seem to be smaller than those for the
dielectric and piezoelectric coefficinets. By using an oscilloscope to follow the
polarization (P) and strain (§) under a.c. electric field (E) at a given frequency,
it was found that the P and S vs. E curves are straight lines for small oscilla-
tion amplitudes, but the average siope of the hysteresis increases rapidly when
the am;ditude of the a.c. field exceeds certain values, as shown in the inser-
tion of Figure 4. Since the non-180° domain wall motion is inherently a lossy pro-
vess, -7 the strong correlation between loss and nonlinearity suggests that elec-
tromechanical nonlinearity in ferroelectric ceramics originates mainly from the
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FIGURE 4 (a) a.c. electric field dependence of the piczoclectric coeflicients d,,, dy,, and d,. (b) a.c.
electric field dependence of diclectric coefficients ¢,,, and €y,
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motion of non-180° domain walls. Spectrum analyses were made to identify the
higher harmonic components in the responses of polarization and strain. 1t is found*
that when the direction of a.c. field is perpendicular to the poling direction of the
sample, only odd harmonics exist and the shape of the hysteresis loops (both for
strain and polarization vs. a.c. electric field) is always symmetric. On the other
hand, when an a.c. electric field E is parallel to the poling direction, both odd and
even harmonics exist. They become obvious when external field is above the certain
level. The shape of hysteresis loop is no longer symmetric. This may be understood
from Equations (24) and (25). Assuming E,. = E, cos wt, from Equation (23), the
longitudinal strain is:

+ Yo% + Y _ 7% 4 Yie¥™ + Y e + ... (27)

E3 3AGsnEd
Yo = A'”:‘ ._29; Yl(m) = Y—((""(l)) = (M33Eo + ——2423—3)

2 AG333:E}
V@)= Yo(-0) = A 25 Vi) = ¥_o(—w) S0ERES

The term (Y, e/ + Y _,e~ ") represents the component of the nth harmonic
oscillation. Based on Equation (27), we would like to elaborate a few points:

1. The third order term increases the amplitude of the fundamental frequency
by an amount of 3AG,33:E/4.

2. The second order harmonic term creates an additional negative bias field
which displaces the center of vibration of the domain wall.

3. Both the second and the third harmonic vibrations of non-180° domain walls
contribute to the induced longitudinal strain. This implies that the hysteresis
loops of both P vs. E, and S vs. E should be asymmetric when the a.c field
is beyond the certain level. The situation is somewhat different for the shear
strain. From Equation (23), we have

AUs = AdlS E.c + AGlll5E=: = Yo + Ylei-‘

+ Y M 4 Yy Y e 4L (28)
where
3AG,,;5E3
Yo =0 Yiw) = Y_i(—) = AdyEy + 14115 0
AGy,,-E}
Yilw)= Y (~0) = 0;  Yi(w) = Y_y(—~w) = SOUE

There is no second harmonic in the shear strain, which is in agreement with the
experimental results. Measurements of the complex ¢, have been carried out with
doped PZT ceramics. Figure 5 shows the relative dielectric permittivity &, and 5,
of the PZT-5 ceramic as well as their loss tangents as a function of temperature
from —200°C to 50°C at two different magnitudes of the applied a.c. electric field.
Figure 6 shows the dielectric permittivity €4, and its loss versus tem -ature at
different a.c. electric field strengths. Clearly, the values of e,, and e3; as well as
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their losses are quite different at high temperatures, these differences become
smaller as temperature decreases. This may reveal that part of the difference
between ¢,, and e;; may come from the domain boundary vibrations which are
frozen out at very low temperatures. It is found that PZT with composition near
the morphotropic boundary has one relaxation region in the low temperature re-
gime, which has been also observed by others.™ The interesting thing is that under
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a.c. external field, a pseudo relaxation peak can be observed (Figure 5(c)) in a
very broad frequency range, which can be interpreted as the “‘clamping” of the
farge magnitude movement of domain walls. In Reference 33, it has been shown
that the threshold fields of the piezoelectric coefficients increase with aging time,
which is another strong implication that the threshold field is closely related to
non-18(° domain wall motion, because the reduction of the non-180° domain wall
mobility is responsible for the aging phenomena in ferroelectric ceramics.®® It is
also found* that the threshold field strengths of the dielectric and piezoelectric
coefficients decrease with increasing the magnitude of an applied positive d.c. bias
field which provides the pinning to the wall motion. The nonlinearity also decreases
with temperature due to the fact that the domain wall becomes less mobile at lower
temperature. Figure 7 shows the distribution of threshold fields for the piezoelectric
coefficients of the PZT system with different compositions and dopants. A pro-
nounced minimum value for the threshold field is found for the composition near
the morphotropic phase boundary (MPB), which reveals that the domain walls
have the highest mobility for compositions at the MPB. In second order approx-
imation, the extrinsic contributions to the piezoelectric coefficient is given in Equa-
tion (23):

dy = Ady + AQuE, + AGuE.E; (29a)
Assuming the nonlinearity is purely extrinsic, one has:
(di) = dyyimy + Ody, + AQuuE; + AG,uEE; (29b)

where (d,,) is the measured piezoelectric coefficient, which include both the intrinsic
contribution, dy;,, and the extrinsic contribution, the contribution, Ad,,. Based
on the definition of threshold field strength of {d,,) described earlier, we have:

{ds)) — (dysum) + B3}l _ _ AOsE,
(dr3imy + Bdy,) £ duwy t+ Ady

=3% (29¢)

This means that the threshold field is inversely proportional to the ratio between
the electrorestrictive coefficient and the piezoelectric coefficient. From Equation
(15) and Equation (17), it is found that Ad,/AQ;,, is proportional to (C,)¥/(PoC,).
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FIGURE 7 Dependence of the threshold field strength and the spontancous polarization on the Ti/
Zr ratio for PZT ceramics.
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In Reference 41, the restoring force constant was estimated to be greater than the
square of the spontaneous strain C, > (S5;)?, and also C, > C,. Therefore, (Adsy/
AQs;3,) can be estimated to be proportional to the spontaneous polarization. Thus
from Equation (29c) one may conclude that the threshold field E, should also
increase with the spontaneous polarization. The experimental data in Figure 7
qualitatively shows this tendency. In addition, the threshold fields E, for PZT-8
and PZT-4 are substantially higher than that of PZT-5 due to the influence of
dopants on the domain wall mobility.

B. Electromechanical nonlinearity under resonant frequency. Many ultrasonic
devices are operated at their resonance frequencies. When being driven at high
field levels, the presence of nonlinearity alters the performance of these devices.
In this section, we report some of the nonlinear effects under resonant conditions
for a PZT-501A ceramic. Figure 8 shows the complex admittance circles at different
drive levels. The outer circle (curve I} is measured at small-signal conditions, a
field level of 1 V/iecm. The system appears to be a typical linear piezoelectric res-
onator with very low loss. All the data points fall onto a perfect circle. The inner
circle (curve Il) was measured at a field level of 100 V/cm. One can see that the
data points obviously deviate from the small circle showing the presence of non-
linearity.

This is expected from the measurements on piezoelectric effects because the
relationship between dj, and field strength no longer remains linear under large
field, invalidating the linear assumption made in the measurement technique. It is
found that the magnitudes of dy{II}(—190 x 10-'2 V/m) and the loss tangent
dy,{11)d4,|11) (0.085), which were measured at high drive levels but non-resonant
frequencies using an interferometer, are larger than those values (d3,{I] = ~176
X 10~12 V/m and dj,{I}/dy,(I] = 0.018) measured at low driving levels. This strongly
implies that the nonlinear effects at the resonance frequency are caused by the
nonlinear increase in piezoelectric coefficients. We suggest that this nonlinear change
in piezoelectric coefficients originates from the domain wall motion since the in-
crease of the macroscopic-losses mainly arises from domain wall motions.3* When
the applied field exceeds a certain level, the nonlinear domain wall motions start
to contribute to the piezoelectric effect, and the coupling between the vibrations
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FIGURE 8 Complex admittance plot of PZT-501A bar measured with two different applied field
strengths. Curve 1: E, = 1 V/cm and curve II: E;, = 100 V/em.




ELECTROMECHANICAL NONLINEARITY OF FERROELECTRIC CERAMICS 43

of domain wall and extensional mode causes the nonlinear effects at the resonance
frequency. The field dependence of the electromechanical properties causes the
extremum frequencies of the admittance to shift as shown in Figure 9. Figure 9(a)
is the amplitude of the admittance of a PZT-S01A plate, which was measured with
a spectrum analyzer. The resonant frequency f,, shifts towards lower frequencies
with increasing applied a.c. voltage, but the anti-resonance frequencies f, do not
shift significantly as reported by Uchino et al.5

Interestingly, however, when measuring the absolute value of admittance | Y| of
a bar sample with an impedance analyzer, we found that both f,, and f, shift
noticeably to lower frequencies at higher driving level, as shown in Figure 9(b),
which may imply that the nonlinearity affects certain vibration modes more severely
than to the others. Meanwhile, the experimental resuits could be affected by the
measurement techniques.

Figure 10 and Figure 11 show the dielectric losses and dielectric constants as a
function of frequency, respectively, under different field levels near an isolated
resonance. [t can be seen that the resonance peaks of both the dielectric loss and
the dielectric constant move toward lower frequencies at the high drive level. The

Admitionce Y {10°Y Ohm)

600 700 430
Frequency (hi2) Frequency (hM2)

FIGURE 9 Typical admittance curves measurcd for the PZT-501A samples at different driving levels.
(a) Measured electrical admittance of PZT-501A plate at four different driving levels. (b) Absolute
value of admittance { Y| for a PZT-501A bar at two driving levels. The solid line and the dash line
represent results obtained at ficld levels of E, = 1 V/icm and E; = 100 V/cm respectively.
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FIGURE 10 Dielectric losses vs frequency with respect to different driving levels for a PZT-501A bar
in the vicinity of the resonance frequency. The dash line is for E, = 1 V/em and the solid line is for
E; = 100 V/iem.
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FIGURE 11 Capacitance of a PZT-501A bar vs. frequency in the vicinity of the resonance frequency
at different driving levels.

dielectric Joss in the vicinity of the resonant frequency also becomes larger for the
case of higher drive level as shown in Figure 10. It should be noted that when large
electric field is applied, nonlinear effects occur at all frequencies, hence, the di-
electric loss, mechanical loss, dielectric constant, elastic constants, and piezoelectric
coefficients become larger in all frequency ranges. Away from the resonance, the
motions of non-180° domain walls are an important cause for the changes in the
dielectric, elastic, and piezoelectric coefficients. At the resonant frequency, changes
of these coefficients will profoundly lead to the shifts of the resonance and anti-
resonance frequencies, f,, and f,. In addition, the mechanical quality factor Q,,
and the electromechanical coupling factors K, will also be affected. The factors
controlling the shift of resonant frequency are important in ultrasonic engineering.
From Reference 28, in second order approximation, the shift of the resonant
frequency for extensional vibration of an electromechanically excited bar can be

written as:
32[slll]2 llll lEzQz
D o JzZaviul | Zouul Bren v
Suy { owsE T 32 [s - Fa? (30)

where w? is the resonant frequency of the extensional mode for a linear system,
s, and s§;; are the second and third order elastic compliance. The frequency of
the P; maximum is also shifted by the electric field,

= ) | 3elyl wlE?Q?
&nr - { 833 4333} 2533302 (31)

where v/ is the small-signal resonance frequency, Q is the mechanical quality factor
and a is the thickness of the sample. Equations (30) and (31) are for single domain
and single crystal system. For ceramics, there exist additional shifts of the resonant
frequencies by domain wall motion. From Equations (15)-(21) they can be ex-
pressed as:

AwP = _{ 2[AS, + 9AG""} 02 (dy1gn) + Ady, ) E?Q? )
’ 91 (Suem + AS1) 32 (Sum + ASy)P

and

{ [Ars)? 3AH,,,,} wfE2Q? (33)

533(‘”) + AG;; 4 2(833“,.) + Ae;;)az
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Here €;iiny. diiinyr aNd S,,.in) 3re intrinsic properties. The total shift of these res-
onance {requencies are the sum of intrinsic and extrinsic contributions. The above
analyses give rise to a relationship between the shifts of the maximum frequency
and the damping constant (or losses), restoring force constants, as well as spon-
taneous polarization and strain. The results shown in Equations (30)-(33) may be
used to qualitatively explain the experimental results.

The mechanical and electric responses of a piezoelectric material depends not
only on its piezoelectric properties, but also on its elastic and dielectric parameters,
according 1o the constitutive piezoelectric equations.” Therefore, a figure of merit
of a piezoelectric material must include its elastic, dielectric and piezoelectric coef-
ficients, which are defined as the electromechanical coupling factors (often called
coupling coefficients). The coupling coefficient & is used as a characteristic index
for the performance of a transducer. The value of k? is a measure of the magnitude
of the transducer bandwidth. It is useful to clarify the extrinsic contribution to the
electromechanical coupling coefficients and to understand how the domain wall
movements influence the coupling coefficient. Figure 12 shows the measured field
dependence of the coupling coefficient k,, and the mechanical quality factor Q,,.
One can see that the coupling factor, and the mechanical losses increase with the
increase of the magnitude of a.c. ficld. The correlation between the coupling factor
anl the loss factor indicates that the exteinsic contiibntions plays n very impostant
role in terms of the electric-mechanical energy conversion in ferroelectric ceramic.
It should noted that the coupling factor is dependent on the stress and strain level,
which often show spatial variations.%

In the high temperature regime, for some PZT system, it is difficuit to abstract
information on domain wall contribution from the measurement of dielectric and
piezoelectric coefficients for a PZT system.>* The problem is that the conductiv-
ity of some PZT systems increases drastically at high temperatures just like in
semiconductors. Thus, at high temperatures, the increase of conductivity which
contribute to the lose factor could cover up the extrinsic contribution of domain
wall motions. For this reason, we have to compare the measured results from both
low and high field strength at the same temperatures in order to see the contribution
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FIGURE 12 Variation of the electromechanical coupling factor k,, and the mechanical quality factor
Q.. due to the increase of the applied a.c. electric field strength.
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FIGURE 13 Susceptance (B) v.s. conductance (G) loops for a soft PZT ceramic at two diflerent
applied a.c. field strengths and two different temperatures.

TABLE Il

Electromechanical coupling factors, piczoelectric coefficients and
mechanical quality factors of PZT-5A ceramic at different temperatures
and field levels

T = 200C T=2300C

E= 0 Vim 0418 47 -186 0.36 524 218
E=1 Viem 0.387 80 -179 0.28 182 -195

of domain wall motions. Figure 13 presents the complex admittance circles of a
PZT-5 ceramic resonator measured with two different applied field strengths at
two different temperatures. The radii of these four circles are denoted by B,, B,,
Bi, and B;, respectively. Here B (low drive level) and B; (high drive level) are
for the room temperature measurements, B, (low drive level) and B, (high drive
level) are for the measurements made at T = 230°C. It could be found that the
ratio of (By/B,) increases with temperature. The ratio of (B,/B,) is proportional
to the nonlinear mechanical losses of the ceramic resonator in the vicinity of the
resonance frequency, because the radii of these circles are proportional to the
mechanical quality factor Q,,.5! Table Il lists the electromechanical coupling and
piezoelectric coefficients as well as the mechanical quality factor for different tem-
peratures and different drive levels. These results convincingly show that the in-
crease of electromechanical coupling as the temperature increases arises from the
increase of domain wall mobility.

V. SUMMARY

We have measured the dielectric and piezoelectric properties of PZT system in
several compositions at both high and low field levels. The experimental results
show that domain wall vibrations contribute significantly to the electromechanical
nonlinearity in ferroelectric ceramics. The main results are summarized as follows:
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1. A phenomenological model has been extended to evaluate the macroscopic
nonlinear parameters associated with non-180° domain wall vibrations in
ferroelectric ceramics. The theoretical description qualitatively agrees with
some of the experimental resuits.

2. Dielectric and piezoelectric measurements have been carried out for PZT
ceramic system at different field levels and temperatures, the results are
compared with the theoretical model. It has been verified that the couplings
between the acoustic vibrations and the movement of domain walis is an
important factor in terms of extrinsic properties of ferroelectric ceramics. It
is found that the nonlinear effects are extrinsic in nature and will easily occur
at the resonant frequency because the coupling interaction between domain
wall motions and the acoustic waves is maximum at the resonant frequency.
The piezoelectric and dielectric coefficients and losses in the nonlinear regime
are much larger than those in the linear regime. The threshold fields of the
dielectric and piezoelectric coefficients are strongly affected by the bias field,
temperature and compositions.

3. PZT ceramic with composition near the morphotropic phase boundary shows
a pronounced maximum of the non-linear effect. The ratio of c/a axes is an
important factor which affects the extrinsic properties in PZT ceramic system.
Both shifts of f,, and f, of the admittance at the high drive level due to the
nonlinearity could be evaluated from non-180° domain wall motion. It has
been suggested previously®! that the nonlinear effects in the resonance fre-
quency region originates from the collective resonance of domain walls. This
opinion is questionable because the resonance frequency of ceramic samples
depends on the sample size and is usually much lower than the domain wall
resonance frequency. However, since the resonance frequency of domain
walls is still a disputed topic, further investigation is required. We believe
that the nonlinear effects contain both intrinsic and extrinsic contributions.
In multidomain crystals, such as ferroelectric ceramics, the extrinsic contri-
butions play the dominant role in generating these nonlinearities.
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Llectric Fatigue in Lead Zirconate Titanate Ceramics

Matcrials Rescarch Jaboratory, The Pennsylvania State University, University Park, Pennsylvania

Flectric fatigue Is a major obstacle for somce potential appli-
cations of ferroclectric materials based on reversals of spon-
tancous polarization, such as memory devices and high
strain actuators, Qur studies of fine-grained hot-pressed
lead zirconate titanate with lanthanum dopant (PLZT
7/68/32) show that fast fatigue Is actually caused by con-
taminated swrfaces instead of intrinsic structure deteriora-
tion or the change of domain states. All of the specimens
with conventionally cleaned surfaces shiowed significant
fatigve after 10° switching cycles, but specimens cleancd
with a new cleaning procedure did not fatigue cven after
moi ¢ than 10 switching cycles. This type of fatigue is found
to be duc to generated microcracking at the ceramic—clec-
trode interface,

I.

MI\NY applications of fenoclectric materials, such as some
piczoclechic, electrooptical, and clectrostrictive devices,
invulve repeated reversals of polarization. One critical limita-
tion on the performance of these devices is fatigue associated
with repeated clectrical cycling. Fatigue in ferrociectrics
mainly refers to the degradation of ferroclectric propertics upon
repeated reversals of polarization, which appears in the hysltere-
sis loop in the form of a decrease in remnant polarization (P,) or
saturated polarization .(P,) and is oftcn accompanied by an
increase of the cocrcive ficld (£,).

In 1953, McQuarrie' first reported the time dependence of

Infroduction

the P-E hysteresis loop in a BaTiO, ccramic. He found that

afler scveral weeks of switching at 60 Hz, the square-shaped
hystercsis loop was changed to a distinct propeller shape with a
noticcable decicase in both the maximum polarization and the
remnant polarization. Merz and Anderson® studied fatigue
behavior in a BaTiO, single crystal. A gradual reduction of the
polarization aftcr a few million switching cycles was observed
and the fatiguc behavior was related to the wave patterns of the
electric ficld (sine wave or pulse train wave). The ambient
atmosphere was also reported to have an cffect on the switching
stability of BaTiO, single crystal.’ A loss of squarcness of the
hystcresis loop was observed when the crystal was switched
under vacuum, N,, H,, or He gases. However, the detcriorated
hystcresis loop could restore its original shape under ac cycling
in0,, orin diy air.

Faligue experiments were also carricd out on other ferroelec-
trics in the 1960s. Taylor! studied fatigue phenomena in 24
compositions of niobium-doped PH(Zr,Sn,Ti)O, ceramics and
discovercd that the fatigue rate depended on the composition.
Contrary to Ref. 2, he found little diffcrence in fatigue behavior
when the ac clectric ficld patiern was changed from a sine wave
1o 2 pulse train wave. A more detailed study of fatigve in La- or
Bi-doped PZT ceramice was carried out by Stewart and Cosen-
tino.* They showed that the polarization decreased rapidly, and
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the 1emnant polarization was reduced 1o half of its original
valuc after 5 X 10* switching cycles. They concluded that the
patteras of the clectric ficld, the types of electrodes, and the
ambicnt conditions had no significant effects on the fatigue
bebavior. Stewart and Cosentino® also reported an interesting
1csult: when a fatigued sample was heated above the paracice-
tric—fcrroclectric phase transition temperature T, the properties
could be restored. Contrary to Stewart and Coscatino, Fraser
and Maldonado® also studied the same La-doped PZT ceramics
and reported significant effects of clectrodes. They found that
when indimm was used as the electrode material instead of gold
or silver, there was still 85% of the original cmaaat polariza-
tion Jeft afier 10" switching cycles, but fatigue occutred much
faster when using lead, aluminum, gallium, silver, and gold as
clectrode materials. Carl” vbserved significant degradation in
the L.a- or Mn-doped PbTiQ, ceramics; after only a few thou-
sand switching cycles the polarization dropped to 30% of its
original valuc together with some increase of the coercive field,
and some cracks were also observed under SEM on surfaces of
the samples.

Although the fatiguc phenomcena in ferroclectrics have been
studied for over 30 ycars, their origin is still not clear. Some
possible causes of fatigue under high ac field arc (1) the gradual
reorientation of domains into a more stable, i.e., minimum-
encigy, configuration;'* (2) injection of charge carriers into the
femoclectrics which provide pinning for domain wall move-
ment;? (3) structura) inhomogeneity which produces traps for
domain walls, reducing domain wall mobility;" (4) the appear-

-ance of microcracking .cg_':t_sg_d’t.:y.ll_l_epl_axrlgc c!mngc of strain dur-

ing swilching.™!!

Despitc the fact that the fatigue effect is the key factor which
prevents some poicnlial applications of ferroélectrics, very few
conclusive results have been published. In addition, those pub-
lished results by different investigators are often in contradic-
tion, and there are no explanations for these discrepancics.
Therefore, a systcmatic study of this subject is nceded in order
to understand the origin and mechanism of fatiguc behavior. We
repart here an cxtensive study of the fatigue behavior of a
La-doped lead zisconate titanate (PLZT) ceramic system. The
reason for choosing a PLZT ceramic system is because of its
relatively low coercive field, large polarization, and square-
shaped hysteresis loop. Morcover, hot-pressed PLZT ceramics
are transparent and are almost pore free, which can eliminate
the structural complications in a regular ceramic, leading to
some understanding of the fundamental aspects of fatigue. In
this paper, the focus will be on the effect of surface contamina-
tion on the fatigue behavior. Inconsistencies reported in some
previously experimental studics can oe explained in terms of
different surface conditions.

I1. Experimental Procedure

Lanthanum-doped lead zirconate titanate ceramic specimens
were fabricated from mixed oxides by hot pressing. The com-
position used in this study was Pby L8, 5,(Z0 ¢ Tiex)o.2250s-
Conventionally, this formula is simplified to the form 7/68/32
according to the mole ratio of La/Zt/Ti. The average grain size
was about § am. At room temperature 7/68/32 is in a rthombo-
hedral phase. Samples were first cut into platelets with areas of

b
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about 30’ and thicknesses in the nnge of 150-300 jum,
and then anncaled ar 6OUC for 2 h o aclease the mechanical
stress penctated duting the catling, grinding, and polishing
processes.

Thice different surfuces were prepaied: (a) ground by 3-pum

abiasive, (b) polished by -pm diamond paste, (c) ctched in-

H,PO, acid for 2 min at 140°C. In the conventional cleaning
procedure, organic solvents (alcohol or acctonce) were used to
tinse the samples and then the samples were dricd in air at room
temperature. An improved cleaning method used in our experi-
ments is described as follows: first the samples were cleaned
by conventional procedurs, then they weoie further cleancd
ultrasonically in alcohol solvent, and finally the samples
were heated in a furnace for | h at 500-600°C to burn off
the organic solvent. Gold electrodes were spullered onto the
sample surfaces.

The propettics studied here are (he semnant polarization P,
the maximum polarization P, the cocicive ficld E,, and the
diclectric constant € of the depoled state. A high-vollage sine
wave ac ficld was used to switch the polarization, and the
hystercsis loops were mcasured through a conaventional
Sawycr-Tower circuit and a Nicolet 214 digital oscilloscope.
The temperature dependence of the diclectric constant was
measured with a Hewlett-Packard 4274A LRC mecter, and the
temperature was measured using a Fluke 8502A digital multim-
cter. The heating rate was sct at 3°C/min.,

. Results and Discussion

(1) Fatigue in PLZT Specimens Cleancd by Conventional
I'roccdure

In order to compare the tesults from different specimens and
to emphasize the changes of the measured propertics, the rela-
tive polarization and the cocrcive ficld are used in this paper;
they represent the percentages of the polarization and cocrcive
ficld with respect to the initial polarization and the coercive
ficld obtained at 10? or 10° switching cycles. Figure | shows the
typical resulis obtained from specimens cleaned by conven-
tionul proccdure. One can sce that fatigue staricd at about 10°
switching cycles, and procecded very rapidly between 10° and
10° cycles. The remnant polarization P, dropped to 30% of the
initinl values after 10* switching cycles. The changes of the
maximum polarizations, which are not shown here, exhibit a
similar behavior as the remnant pofarization #,. Figure 2 shows
typical hysteresis loops before and after the fatigue test,
observed from a sample with ground surfaces. The cocrcive
ficlds E, also incrcased with switching cycles. There is a direct
corrclation between the charaes of E, and P,; i.e., while the
polarization decreascs, the cocreive field E, increases, which is
consistent with the results oblained by other rese archers. 4!
We found that the ground sample fatigued carlier and faster than
the samples with polished and etched surfaces. The same
experiments were also carried out using a sine wave field at
other frequencies. No apparent changes were observed for fre-
quencies Jess than 600 Hz. Curves (a) and (¢) in Fig. 3 show the
weak field diclectric constant as a function of temperature for a
sample with polished surfaces before and after the fatigue test,
respectively. One can see a substantial decrease of the diclectric
constant in the fatigued sample. Samples with the other two
types of surfaces cxhibit simiiar results which are pot shown
here.

(2) Fatigue in PLZT Specimens Cleaned by Improved
Procedure

Figure 4 shows the changes in the polarization and the coer-
cive field with switching cycles for samples cleaned by an
improved procedure described in Section fl. The experiments

were carried out at a frequency of 100 Hz. Samples with all -

three types of surfaces did not show fatigue even after 10
switching cycles. We found that the hystesesis loops recoﬂled at
10° and 2 x 10 switching cycles are almost identical. These
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Fig. 1. Changes of the relative semnant polarization P, (s) and the
relative cocreive field E, (b) with switching cycles for a conventionally
clcancd PLZT 7/68/32 specimen. Test (requency is 10 Hz.

experimental results tell us that the fatigue shown in Fig.' 1 is
purcly cxtrinsic, i.c., rcsulied from an improper cleaning
mcthod. The actual lifetimes of PLZT 7/68/32 ceramics with
grain sizc of 5 gm are much longer than thosc shown in Fig. 1
and are not affected by the surface 1oughness.

(3) Fatigue Originating from Surface Contamination

(A) Detcrioration of the Ferrocleciric-Electrode Interface
under High ac Field: In fatigue experiments the possible
sources of conlaminanis are abrasive residue from the grinding
process, residuc of solvents (water, alcohol, or acetone), water
in the air, residue of the bonding glue, and skin grease from
finger touch. Without further cleaning these residues are left on
the surfaces of specimens, being sandwiched between the sam-
ple surface and the electrode, producing a poor interface con-
tact. The effects of solvents and skin grease wese further
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Fig. 2. Typical hysteresis loops after 10° (a) and 3 x 10° (b) switch-

ing cycles for a convenlionally cleancd PLZT 7/68/32 sample with
ground surfaces. Test frequency is 0 He,
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resviis Nom a virgin nonfatigued sample.

cxamined ir: the fallowing experiments. First, the samiples were
etched by H,PO, acid to remove a thin layer from the surface
which might contain abrasive residuc and skin grease. Then the
following surface treatments were given to three different sam-
ples: (a) sample 1 was washed in water and acctone, and then
both suifaces were rubbed with fingers; (b) sample 2 was
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winnhed in water and acctone, then dricd in air at room temyxia-
fure; () sample 3 wiss washed in water and acetone, then heat-
teated in a furnace at SOOClor | h,

Figwe S shows the results from fatigue tests on these three
samples using a 100-4.z sinc wave ac ficld. The remnant polar-
ization of sample 3 did not decrease at all after 10* switching
cycles; only K, increased slightly (we note that in all ctched
samples, E, shows a slight incrcase at the beginning and then
becomes stable). P, of sample 2 fatigued to 85% of its initial
value afier 10 switching cycles and E, increased about 18%.
Sample | was the worst among the three samples; its £, reduced
10 30% of the initial value and E increased 50% after only 2 x
10* cycles. Heating PLZT ccramic samples to 500°C afier
washing had two effects: (1) burning off the organic residucs on
the surface, and (2; selcasing bulk and surface stresses. Since
these three samples were already heat-treated at 600°C for 2 b to
release stresses before the surfuce preparation described above,
heating sample 3 to S00°C for 1 h aficr washing should not have
changed its properties except to burn off solvent residucs on the
sample s faces. Since the three samples with the same etched
surfaces differed only in surface icatments, the discrepancics
in the fatigue results can be cxplained only in terms of the dif-
ferent degrees of surface contamination.

Experiments also indicate that fatigue is iniliated at the
ceramic—clectrode inlerface. Possible explanations for what
might have happencd at the interface are the following:"" (1)
electrochemical reaction, such as ionization of contaminants
and ficld-induced chemical decompasition near the sample sur-
face; (2) corona—high voltage can ionize water and organics,
causing partial discharge which leads to a time related continu-
ous degradation of the diclectric property; (3) a contact de(crio-
ration effect—residue of solvents and skin grease prohibit
dircct contact of the metal clectrode with the sample surface,
resulting in poor contact. Partial failure of the electrode was
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